Abstract Recombinant adenoviral vectors (AdV) are potent vehicles for antigen engineering of dendritic cells (DC). DC engineered with AdV to express full length tumor antigens are capable stimulators of antigen-speciWc polyclonal CD8+ and CD4+ T cells. To determine the impact of AdV on the HLA class I antigen presentation pathway, we investigated the eVects of AdV transduction on antigen processing machinery (APM) components in human DC. Interactions among AdV transduction, maturation, APM regulation and T cell activation were investigated. The phenotype and cytokine proWle of DC transduced with AdV was intermediate, between immature (iDC) and matured DC (mDC). Statistically signiWcant increases in expression were observed for peptide transporters TAP-1 and TAP-2, and HLA class I peptide-loading chaperone ERp57, as well as co-stimulatory surface molecule CD86 due to AdV transduction. AdV transduction enhanced the expression of APM components and surface markers on mDC, and these changes were further modulated by the timing of DC maturation. Engineering of matured DC to express a tumor-associated antigen stimulated a broader repertoire of CD8+ T cells, capable of recognizing immunodominant and subdominant epitopes. These data identify molecular changes in AdV-transduced DC (AdV/DC) that could inXuence T cell priming and should be considered in design of cancer vaccines.
Introduction
For immunotherapy of cancer, optimal antigen presenting cells (APC) must be utilized to present tumor antigen epitopes to multiple CD8+ and CD4+ T cells, to activate and expand tumor antigen-speciWc CD8+ eVectors, and to provide for cognate help from CD4+ T cells. Dendritic cells (DC) have been shown to be the most potent APC. DC can be exogenously pulsed with peptides, loaded with proteins and lysates, or transfected with DNA, RNA or viruses. Loading DC with full length tumor antigen, for endogenous processing and presentation of multiple peptides restricted by MHC class I and II, has proved technically diYcult. DNA transfection is ineYcient and many viruses have a negative impact on DC function. Adenovirus (AdV) is a safe, well studied viral vector which has proven to be a useful vehicle for genetic engineering of DC, with >95% eYciency of gene transfer [1] .
AdV transduction has biological impact on human DC function. We and others have shown that immature monocyte-derived DC, transduced with AdV (at multiplicity of infection of 1,000 pfu:1 DC), become more mature by phenotypic criterion (increased CD83, CD86, HLA-DR), decreased secretion of IL-10 and increased IL-12p70, as well as by eYcient stimulation of antigenspeciWc, IFN -producing T cells [2] [3] [4] [5] . AdV can also reduce antigen uptake via macropinocytosis, consistent with maturation [6] . The intracellular pathways involved in positive and negative regulation of these functional changes in human DC are now beginning to be characterized; the PKR and PI3 K signaling pathways are activated in human DC transduced with AdV [7] .
Many comparisons of exogenous peptide pulsing and tumor antigen transfection have recently been performed, supporting the superiority of DC transfection with full length tumor antigen genes for optimal peptide-speciWc T cell activation [8] [9] [10] [11] . Plasmid DNA transfection can be more eYcient with newer methods [12] but in head-to-head comparisons, AdV was superior to plasmid DNA [13, 14] and to mRNA [13] . In continuing investigations, we have also demonstrated broad and potent activation of multiple CD8+ T cell speciWcities by AdV engineered DC [15] as well as strong type 1 cytokine production by CD4+ T cells activated by AdV/DC (vs. protein-loaded DC [16] ). The mechanism of this superior T cell activation is unknown, but may be related to antigen expression duration, DC maturation eVects, or other impact of AdV on DC.
The impact of AdV and maturation on DC and the resultant repertoire of presented peptide epitopes is critical, but to the best of our knowledge, no information is available on the molecular basis for this interaction. SpeciWcally, it has not been investigated whether AdV transduction modulates the expression of antigen processing machinery (APM) components which play a crucial role in the generation of peptides from mostly, although not exclusively, endogenous proteins and their presentation to cognate cytotoxic T lymphocytes (CTL).
The HLA class I antigen processing and presentation pathway starts with proteins being marked for ubiquitination and subsequent degradation by the proteasome. The proteasome, which consists of multiple catalytic subunits (Delta, MB1 and Z, and their IFN--inducible counterparts LMP-2, LMP-7 and LMP-10), is involved in the degradation of proteins and the generation of antigenic peptide fragments. These peptides are then translocated across the endoplasmic reticulum (ER) membrane via the ATP-dependent heterodimeric transporter associated with antigenprocessing subunits TAP-1 and TAP-2. The HLA class I heavy chain is synthesized in the ER where it associates with 2-microglobulin ( 2m) with the assistance of multiple chaperone proteins (calnexin, calreticulin, and ERp57) that ensure the proper folding of HLA class I molecules. The HLA class I-2m complex then associates with tapasin, which allows the dimeric complex to interact with TAPassociated peptides and facilitates peptide loading into HLA class I-2m complex. The tri-molecular HLA class I/ 2m/peptide complexes are then transported to the cell surface [17, 18] .
Previous studies of APM in DC demonstrated that immature DC (iDC) had a signiWcantly lower expression of MB1, LMP-7, LMP-10, TAP-1, and tapasin than cytokinematured DC [19, 20] . Furthermore, it was shown that APM expression in iDC could be inhibited by tumor cells, but that ex vivo maturation of DC derived from patients with cancer restored normal expression of APM components and their antigen-processing capability. This tumor cell-mediated inhibition was subsequently shown to involve tumor cell-derived gangliosides [21] . Also, heat shock has been shown to have positive eVects on APM and epitope-speciWc antigen presentation in antigen presenting cells (APC) [22] . In tumor cells, chemotherapy has been demonstrated to modulate APM and TAA immunogenicity [23] , and evidence suggests that tumor-driven alterations in APM components may be a key element of immune escape [20, 24] .
Because analysis of APM components in AdV-transduced DC may contribute to the understanding of antigen processing in these candidate vaccines, in the present study, we have investigated whether AdV transduction of DC aVects the levels of multiple APM components. We have also tested the eVects on DC cell surface maturation phenotype and cytokine production, as these elements are also critical to antigen presentation and its milieu. Lastly, we have tested the TAA-speciWc CD8+ T cell response to these DC. Importantly, we Wnd that the combination of DC transduction and maturation further modulates APM component expression and modiWes the resultant activated T cell repertoire.
Materials and methods

Recombinant adenoviral vectors
The enhanced green Xuorescent protein expressing vector (Ad.EGFP) was a kind gift of University of Pittsburgh Vector Core Facility. The AFP-expressing vector (AdVhAFP), which encodes the human AFP cDNA driven by the CMV promoter, has been previously described [25] . These are E1-and E3-deleted AdV encoding the EGFP and the human AFP cDNA, respectively. To inactivate the virus, infectious Ad.EGFP was heat-inactivated at 65°C for 1 h (hiAd.EGFP). Viral titers were tested using the Adeno-X Rapid Titer Kit (Clontech Laboratories Inc., Mountain View, CA, USA); multiplicity of infection (MOI) used to infect DC was based on the values obtained using this procedure.
APM and cell surface antibodies Intracellular staining for APM components was performed using the following unconjugated mouse monoclonal antibodies: 2m (NAMB-1), Delta (SY-5), MB-1 (SJJ-3), Z (NB1), LMP-2 (SY-1), LMP-7 (HB2), LMP-10 (TO-6), TAP-1 (NOB1), TAP-2 (NOB2), Calnexin (TO-5), Calreticulin (TO-11), ERp57 (TO-2), Tapasin (TO-3) [26] [27] [28] . As a secondary antibody, PE anti-mouse IgG 1 (BD Pharmingen) was used. PE-conjugated HLA-DR (Caltag/Invitrogen), HLA-ABC (BioLegend, San Diego, CA, USA), CCR7 (R&D Systems, Minneapolis, MN, USA), CD40, CD80, CD86, and CD83 (BD Pharmingen, San Jose, CA, USA) were used to analyze DC cell surface maturation markers.
Isolation of normal donor PBMC
Peripheral blood was obtained from normal donors by venipuncture. Peripheral blood "buVy coats" were procured from Central Blood Bank, Pittsburgh, PA, USA (approved by IRB # 0403105 and UPCI # 04-001). Blood was diluted 1:2 with PBS, applied to a Ficoll-Hypaque gradient (Cellgro, Mediatech Inc., Herndon, VA, USA), and centrifuged at 550£g for 25 min at room temperature. Peripheral blood mononuclear cells (PBMC) were recovered from the buoyant interface and washed three times with PBS in order to remove residual platelets and Ficoll-Hypaque.
DC generation
Following separation, PBMC were plated in T75 culture Xasks (COSTAR, Cambridge, MA, USA) in AIM-V (GIBCO-BRL, Gaithersburg, MD, USA) medium for 60 min at 37°C. Following incubation, non-adherent (NA) cells were removed from Xasks by gentle washing with PBS and cryo-preserved in freezing media [10% v/v DMSO (Sigma-Aldrich, St Louis, MO, USA), 20% v/v human AB serum (HuAB, Omega ScientiWc, Tarzana, CA, USA), 70% v/v RPMI 1640 medium (Invitrogen, Carlsbad, CA, USA)] using a controlled-rate freezing technique in a ¡80°C freezer. Adherent monocytes were cultured at 37°C (5% CO 2 ) in DC medium [AIM-V supplemented with 1,000 U/ml GM-CSF (Sargramostim, Amgen, Thousand Oaks, CA, USA) and 1,000 U/ml IL-4 (Schering Plough, Kenilworth, NJ, USA)] for 5 days. iDC were matured by adding 1,000 U/ml IFN-(PeproTech Inc., Rocky Hill, NJ, USA), and 250 ng/ml LPS (Sigma) on day 5, and incubated for an additional 24 h at 37°C.
In vitro stimulation (IVS)
For these experiments, NA cells isolated from HLA-A2 + donors were used. On the day of establishing DC-T cell cultures, the cryopreserved NA cells were thawed at 37°C and washed in AIM-V medium. DC were used as stimulators of autologous lymphocytes and were either peptide pulsed (10 g/ml) or transduced with recombinant adenoviral vectors (MOI = 500), using a previously described protocol [5] . The impact of viral transduction on DC maturation was assessed by FACS analyses (indicated by upregulation of CD83, CCR7, MHC class I and class II antigens, CD80, and CD86). DC were incubated with AdV for 3 h in 1 ml of AIM-V. Afterwards, virus was washed out with PBS and DC were co-cultured with autologous NA cells at a 1:10 (DC:T cell) ratio in T cell media (AIM-V+ 5% HuAB). One round of stimulation (over a 7-day period) was performed.
T cell isolation
On the day of testing, CD8+ T cells were isolated from the T cell cultures by magnetic cell sorting (MACS, Miltenyi Biotech, Auburn, CA, USA) according to the manufacturer's protocol.
ELISPOT
After a single round of IVS for 7 days, the frequency of peptide-speciWc CD8+ T cell responders was measured using autologous cells as antigen-presenting cells in a human IFN-assay (antibody pair from Mabtech Inc., Cincinnati, OH, USA; MultiScreen™ HTS plates from Millipore, Bedford, MA, USA), as previously described [29, 30] . The number of peptide-speciWc CD8+ T cell responders was compared to the background number of spots produced against APCs alone. Positive control wells contained T cells cultured in the presence of 10 g/ml phytohemagglutinin (PHA, Sigma-Aldrich).
FACS staining
Intracellular staining for APM components was performed as previously described [20] . Prior to antibody staining, cells were washed in FACS buVer (PBS + 0.2% w/v BSA + 0.02% w/v NaN 3 ). Staining was performed at room temperature for 30 min in the dark, followed by washing cells in FACS buVer and resuspending in 2% w/v paraformaldehyde in PBS. Samples were analyzed on Beckman Coulter Epics XL using the Expo32 ADC XL 4 Color software.
Cytokine multiplex assays
Cell free supernatants from ELISPOT assays were stored at ¡80°C until assayed for appropriate cytokines and chemokines by Luminex-based bead arrays (Biosource). We tested iDC, iDC.EGFP, and mDC supernatants for inXammatory (IL-8), Th1 (TNF-, IL-15, IL-12p70), and Th2 (IL-10, IL-13) cytokine and chemokine proWles. Assays were performed in the UPCI Luminex Core facility, and UPCI Immunological Monitoring Laboratory.
Statistical analysis
A two-sided paired t test was used to compare the marker and cytokine expression levels of DC treated under diVerent conditions; prior to analysis, the data were log-transformed. P values ·0.05 were considered to be statistically signiWcant. No correction for multiple comparisons was applied. Data presented in Figs. 5, 6, 7 and 8 is from single donors and these studies were exploratory.
Results
Recently, we observed an increase in breadth of the repertoire of MHC class I antigen-restricted peptide-speciWc CD8+ T cells activated by AdV-transfected DC [15] . Based on this work, and the studies of APM component regulation in DC [20] we wished to investigate how AdV transduction could impact not only DC maturation, but also peptide presentation. For these experiments we infected human monocyte-derived iDC with Ad.EGFP (iDC.EGFP). We used the multiplicity of infection (MOI) of 500 particle forming units (pfu) per 1 DC as this viral load yielded high level transduction eYcacy and viability (data not shown) while allowing for a range of transgene expression levels in DC. The expression of EGFP allowed us to speciWcally follow by Xow cytometry, the extent of modulation of surface markers and intracellular APM components in AdVinfected DC ( Fig. 1 ) and compare these values to those derived from analysis of IFN-/LPS-matured mDC and of iDC.
AdV transduction induces an 'intermediate' maturation phenotype in human DC
First, we wished to conWrm our previous results that AdV transfection causes upregulation of maturation markers in DC, and extend these Wndings to incorporate additional molecules important for DC antigen presentation. Expression of HLA-ABC, HLA-DR, costimulatory markers CD40, CD80 and CD86, the lymph node traYcking marker CCR7, and the DC maturation marker CD83 were evaluated (Fig. 2) . Surface staining for these 'classical' maturation markers showed that iDC.EGFP expressed an intermediate level of maturation (Fig. 2) . In AdV-transduced DC, a statistically signiWcant increase in expression was observed for CD86. A higher median MFI level was detected for HLA-DR, CD83, and CCR7, although these diVerences did not reach statistical signiWcance. In contrast to HLA-DR, no clear modulation pattern was observed for HLA-ABC levels in AdV-transduced DC. A statistically signiWcant increase in HLA-ABC expression was detected on mDC (mMFI = 41.4), and previously, an moi of 1,000 was required to induce any increase in MHC class I [1] , indicating an moi-dependence for modulation of some cell surface molecules [5] .
We also evaluated CD80 and CD40 surface expression. Unlike IFN-/LPS-mediated maturation, AdV did not signiWcantly modulate CD80, and might reduce CD40 expression (Fig. 2) . There was no change in the expression of CD80 in AdV-transduced DC (mMFI = 2.8 for infected cells compared to mMFI = 2.75 for iDC), but an increase in mDC (mMFI = 18.35). AdV-transduced DC had a lower expression of CD40 (mMFI = 2.3) than mDC (mMFI = 7.1), but similar to that by iDC (mMFI = 2.5). We observed a decrease in CD40 expression in 3/5 donors.
APM component modulation in AdV-transduced DC Next we evaluated direct eVects of AdV infection on the expression of APM molecules. We evaluated a broad panel of APM components, and analysis of AdV-transduced DC showed strong staining for 2m, the IFN--inducible proteasomal subunits LMP-2 and LMP-7, endoplasmic reticulum peptide transporters TAP-1 and TAP-2, and MHC class I antigen folding and stabilizing chaperones calnexin, calreticulin, ERp57 and tapasin. The results were reproducible across multiple donors.
The most striking and signiWcant change associated with AdV transduction (and not cytokine-driven maturation) was an increase in ERp57 (Fig. 3) . This increase was observed in 11/13 donors tested, while maturation increased expression of ERp57 in 10/13 donors, but not to the same extent. This increase was the highest magnitude increase observed among tested APM markers, with mMFI = 3.5 for iDC, mMFI = 9.4 for iDC.EGFP, and mMFI = 3.9 for mDC.
SigniWcant AdV transduction-mediated increases were also observed for the expression of the peptide transporters TAP-1 (mMFI = 6.0 vs. mMFI = 4.85 for iDC) and TAP-2 (mMFI = 7.6 vs. mMFI = 5.7 for iDC). These increases were seen in 12/16 (TAP-1) and 10/15 (TAP-2) donors tested. The median MFI levels for these molecules were similar to those found in IFN-/LPS-driven maturation of DC (mMFI = 5.6 for TAP-1 and mMFI = 7.8 for TAP-2). Together, these results suggest that AdV transduction can speciWcally modulate APM components, and does so diVerently from the changes observed after cytokine maturation. Importantly, several changes (ERp57, LMP-2, LMP-7, 2m) were speciWc to AdV transduction and were less aVected by the IFN-/LPS-driven maturation process. Changes in the expression of this subset of APM components could also potentially aVect the repertoire of epitopes being presented.
DC cytokine production
Both AdV and maturation can also impact the production of cytokines by DC, and this impacts the local environment in which antigen presentation occurs. Therefore, we tested the cytokines secreted by the three DC populations evaluated. Supernatants from Wve tested donors were evaluated by Luminex bead array. Average values for the Wve donors are shown in Fig. 4 . Similar to Xow cytometry results, the cytokine proWle in iDC.EGFP appeared to be intermediate between that in iDC and in mDC. Cytokines IL-8 and IL-15 were signiWcantly upregulated in AdV-infected cells when compared to iDC; mDC produced even higher levels. TNF was also increased by AdV transduction, and further increased by maturation. Only minute amounts of IL-12p70 were produced by iDC.EGFP, but signiWcant amounts were produced mDC. Interestingly, IL-13 was signiWcantly down-regulated in iDC.EGFP to the same extent as in mDC. Importantly, mDC, unlike iDC and iDC.EGFP, produced signiWcantly high levels of IL-10 in agreement with our previous data [5] .
Structural AdV proteins are responsible for AdV-induced changes of DC The recombinant viruses used in this study are E1-deleted and E3-mutated or deleted, and, therefore, replicationdefective. However, these viruses are known to be "leaky", Fig. 3 Assessment of APM component expression in DC. iDC, iDC.EGFP, and mDC were labeled for Xow cytometry using mouse monoclonal antibodies against 2m, LMP-2, LMP-7, TAP-1, TAP-2, calnexin, calreticulin, tapasin, and ERp57, and then stained with PElabeled anti-mouse secondary antibody. The data were analyzed as described in Fig. 1 . Black bars represent mMFI for the donors analyzed. Asterisks represent statistically signiWcant diVerences (P · 0.05) between two analyzed groups according to the two-sided paired t test with some residual level of viral gene expression [31] . In order to determine whether this low level of AdV gene expression might be responsible for the changes in expression levels of cell surface markers or of intracellular APM components as opposed to the process of infection itself (mediated by structural viral proteins [31] ) we tested heatinactivated virions. SpeciWcally, we compared surface markers and APM component expression in iDC.EGFP and heat-inactivated Ad.EGFP "transduced" iDC (iDC.hiE-GFP). The lack of viral gene expression was conWrmed by the lack of EGFP expression in iDC.hiEGFP and by the lack of virus production in E1+ permissive cells by viral titer plaque assay (data not shown). For this study, we focused on a subset of APM and cell surface molecules that were most responsive to the treatments. The changes observed in surface marker (HLA-ABC, CD86, CD83) and APM component (TAP-1, TAP-2, ERp57) expression levels (Fig. 5) and cytokine secretion patterns (data not shown) were similar in iDC infected with active or heat-inactivated vectors. These Wndings indicate that inactivated virions were competent to induce the changes we observed.
Combining AdV transduction with maturation signals yields superior DC that are potent stimulators of antigen-speciWc CD8+ T cells Given that mDC expressed higher levels of most tested cell surface markers, cytokines, and several APM components, we next investigated the combination of AdV transduction and DC maturation. Previously, we found that diVerent DC maturation treatments used after AdV transduction did not improve T cell activation compared to AdV-transduced DC alone [5] . In view of our experience with IFN and LPSmatured DC [32, 33] we revisited this issue, and also tested AdV transduction after the initiation of DC maturation for the Wrst time.
We initially compared DC that were matured post-transduction (mDC.EGFP) to iDC, iDC.EGFP, and mDC (Fig. 6) . We focused our assessment on the four most highly regulated surface (HLA-ABC, CD80, CD86, CD83) and APM (LMP-2, TAP-1, TAP-2, ERp57) molecules. The expression of surface markers that were minimally aVected by AdV-transduction alone (HLA-ABC, CD80, CD83) was upregulated with subsequent maturation, to a level similar to (or greater than) mDC (CD80, CD83), indicating that AdV did not inhibit the ability of DC to fully mature with subsequent treatment. It was noteworthy that while AdV did not inhibit subsequent DC maturation, AdV-speciWc modulations observed for APM continued to be positive post-maturation, and were further enhanced (LMP-2, ERp57). AdV transduction and maturation of DC resulted in similarly high levels of IL-8, IL-10, IL-12, and TNF (Fig. 6c) . Another important question was whether the order of transduction and maturation treatment aVects expression patterns of surface and APM molecules (Fig. 7) . In general, DC matured prior to AdV transduction (pre-mDC.EGFP) had surface marker (Fig. 7a) and APM component (Fig. 7b) expression patterns similar to mDC.EGFP. Maturing DC Fig. 6 Assessment of maturation eVect on AdV-transduced DC. iDC, iDC.EGFP, mDC and DC matured post infection (mDC.EGFP) were evaluated 48 h after treatments for a surface phenotypic marker expression, b APM component expression, and c cytokine secretion patterns. Surface and APM evaluations were performed by Xow cytometry as described in Fig. 1 , while cytokine analysis by Luminex as described in Fig. 4 . (Fig. 7c) . Similar to mDC, pre-mDC cytokine secretion was enhanced post AdV transduction. However, while mDC and mDC.EGFP secreted high levels of IL-10, IL-12, and TNF , pre-mDC and premDC.EGFP secreted signiWcantly lower levels. However, these levels were still higher than those secreted by iDC and iDC.EGFP.
While surface phenotype and cytokine production are useful approximations of DC maturation state, the ability to stimulate antigen-speciWc CD8+ T cell responses is the best measure of DC function. To evaluate the impact of the timing of DC maturation and AdV transduction, we performed a single 7-day stimulation of healthy donor cells, using Fig. 7 The order of transduction and maturation treatment aVects expression patterns of surface markers, APM components, and cytokine secretion. iDC, iDC.EGFP, mDC and mDC.EGFP, as well as DC matured on day 4 (pre-mDC) and transduced with Ad.EGFP on day 5 (pre-mDC.EGFP) are compared; 48 h after treatments (day 7), all the groups are evaluated for a surface phenotypic marker expression, b APM component expression, and c cytokine secretion patterns. Surface and APM evaluation was performed by Xow cytometry as described in Fig. 1 ; cytokine analysis by Luminex was performed as described in Fig. 4 . (Fig. 8) . In agreement with our previous data, a single stimulation with iDC.AFP was unable to expand detectable AFP peptide-speciWc T cells from any healthy donors tested [15, 34] . However, AFPspeciWc CD8+ T cell responses were elicited after only one round of stimulation with pre-mDC.AFP or mDC.AFP. Importantly, while mDC.AFP stimulation induced a signiWcant response to the immunodominant epitope AFP 158 only (1.7-fold over background), pre-mDC.AFP stimulated responses to both of the immunodominant epitopes AFP 158 (2.1-fold) and AFP 542 (1.7-fold) as well as to the subdominant epitope, AFP 492 (2.1-fold). AdV hexon peptide-speciWc cells were also detected with pre-mDC.AFP, but at a lower frequency than AFP antigen-speciWc T cells, indicating that responses to viral antigens do not overwhelm the encoded transgene TAA responses. These data suggest that maturing DC prior to AdV transduction signiWcantly enhanced the ability of DC to stimulate a broad repertoire of antigen-speciWc T cells.
Discussion
For eYcient stimulation of Type-1 CD4+ and CD8+ T cell responses, three signals are required. Signal 1 is the antigen-speciWc signal mediated by the ligation of T cell receptor (TCR) and MHC-peptide complex. The speciWcity of T cell responses is dependent on the repertoire of peptides processed and presented by an APC. Signal 2 is antigen independent, and is delivered by ligation of co-stimulatory receptors and ligands, such as CD28 on T cells by CD80/ CD86 or CD40 by CD40 ligand (CD40L). The lack of signal 2 induces anergy in T cells. As professional APC, DC are capable of providing strong signals 1 and 2 due to high levels of expression of MHC class I and multiple costimulatory molecules. Signal 3 is provided by the cytokine milieu, and is essential for the development of type 1/type 2 skewed T cell responses [35] . For tumor immunotherapy, it was demonstrated that Type-1 responses are important for the rejection of tumors, as well as long term survival of patients [36, 37] . Cytokines such as IL-12p70 were shown to skew these responses [38] . DC are also known to exhibit a high degree of plasticity, and are highly responsive to various environmental cues, including virus-mediated signals.
In this manuscript, we analyzed the eVect of AdV transduction on all three signals in DC.
First we analyzed the eVect of AdV transduction on the expression of DC surface markers. Surface staining showed that iDC.EGFP express an intermediate level of maturation. These data conWrmed our previous results that the expression levels of maturation markers fall between iDC and fully mDC [5] . We observed a statistically signiWcant increase of CD86 mediated by AdV transduction when compared to iDC, as well as increasing trends for HLA-DR, CD83, and CCR7 (a chemokine receptor associated with leukocyte migration into draining lymph nodes). However, HLA-ABC and CD80 were not signiWcantly increased and AdV-transduced DC had a slightly reduced expression of CD40, compared to iDC. Such alterations could potentially aVect the ability of DC to stimulate TAA-speciWc T cell responses. Co-stimulatory molecules CD40, CD80, and CD86 are independently capable of co-stimulating human T cells, although with diVering kinetics [39, 40] . Each molecule has been found to be dominant at diVerent time points of T cell stimulation, and for diVerent subtypes of T cells (naïve or memory) [39] [40] [41] [42] . In the case of AdV-transduced DC, the optimal delivery of MHC class I/peptide epitope complexes required maturation with AdV, which resulted in upregulation of MHC class I, stronger enhancement of multiple co-stimulatory pathways (Figs. 6a, 7a ) and could generate more potent TAA-speciWc responses that could be applicable to cancer therapies. We observed that AdV transduction can speciWcally modulate APM components, some of which are also impacted by cytokine maturation (TAP-1, TAP-2, tapasin), and others (ERp57, LMP-2) were not as aVected by cytokine maturation which could also potentially aVect the repertoire of epitopes being presented. The most signiWcant change speciWcally associated with AdV transduction, was an increase of ERp57 expression. ERp57 is the soluble thiol oxidoreductase that forms a heterodimer with tapasin which is crucial for enhancing the loading and editing of peptides loaded onto MHC class I molecules. Both ERp57 and tapasin are stable components of the peptide-loading complex found inside the ER which also includes MHC class I heavy chain, 2m, calreticulin, TAP-1 and TAP-2. Oxidoreductases such as ERp57 can generate or destroy disulWde bonds in their substrates to enable their proper folding. ERp57 was shown to regulate both the construction and destruction of peptide-MHC class I antigen complexes and that covalent formation of dimers with tapasin is the key to these two opposing functions [43, 44] . It was shown that if ERp57 cannot form a proper heterodimer with tapasin, it can reduce the 2 disulWde bond in MHC class I molecules. In other words, tapasin must sequester ERp57 to prevent its reduction of the disulWde bond in the 2 domain and destruction of the peptide-binding groove [43] . ERp57 and tapasin are both upregulated post-transduction, ERp57 expression is three fold, while tapasin is twofold greater in iDC.EGFP than the iDC baseline. These observations suggest that some of the induced ERp57 might not be sequestered by tapasin due to concentration diVerences, and thusly negatively aVect the formation of properly folded/peptideloaded MHC class I molecules. If so, that could explain the lack of upregulation observed for HLA-ABC in iDC.EGFP.
Other statistically signiWcant increases in AdV-transduced DC were in TAP-1 and TAP-2 expression. While this upregulation will most likely lead to an increase in eYciency of peptide uptake into ER, it will not necessarily impact the repertoire of peptides presented. Modulations in the expression of inducible proteasomal subunits LMP-2 and LMP-7 could impact the presented repertoire. The immunoproteasome is more likely to generate peptides with hydrophobic and basic C-terminal residues and less likely to generate peptides with acidic C-terminal residues [45] [46] [47] . A number of antigenic epitopes are diVerentially processed by immunoproteasome-expressing cells [48, 49] , hence, AdV transduction-mediated increase of expression of LMP-2 or LMP-7 could lead to diVerential antigen processing by the immunoproteasome. This eVect was further enhanced by maturing DC pre-or post-transduction.
Even though IFN and LPS were both reported to independently enhance LMP-2 expression [50, 51] , IFN and LPS together did not upregulate LMP-2 in DC in our system. Similar to several other studies, we have observed that LMP-2 are expressed at high constitutive levels in iDC [52, 53] , and that the expression is decreased in mDC [52] . These results, however, somewhat diVer from our group's previous publication where maturation with TNF-, IL-1 and IL-6 induced higher expression of immunoproteasomal subunits [20] . These diVerences could potentially be attributed to diVerences in the DC maturation stimuli used (here we used IFN-/LPS), or in the time-point of analysis (here, 48 h post-transduction; previously, 24 h after treatment). Along with increased expression levels of TAP-1 and TAP-2, these results suggest that AdV-mediated APM modulations could alter the repertoire of processed and presented epitopes and impact the breadth of T cell clones activated.
We next evaluated the third signal provided by DCsecreted cytokines (Fig. 4) . A key diVerence between iDC.EGFP and IFN-/LPS matured DC was that transduced DC secreted little or no IL-10 and IL-12. Higher cytokine levels may require MOI 1000 [5] instead of the MOI 500 used here. Maturation following transduction induced the secretion of high levels of IL-10 and IL-12, similar to or greater than those secreted by mDC. This expression appeared decreased in pre-mDC and pre-mDC.EGFP. However, Th1-skewing IL-12 and TNF-cytokines were still being produced by pre-mDC.EGFP. Low levels of these cytokines produced locally may be suYcient for eVective stimulation of T cell responses.
It was critical to test the eYcacy and timing of maturation on the ability of AdV-transduced DC to stimulate antigen-speciWc CD8+ T cells. We used AdVhAFP to transduce DC, and used them for a single round of IVS. Previously, we have found that healthy donor PBMC require at least 3 weeks of IVS to expand detectable frequencies of AFP-speciWc CD8+ T cells [15, 25, 34] . While iDC.AFP were again ineVective at stimulating T cell responders in a 7-day culture, DC Wrst matured and then transduced were the most eYcient APC capable of stimulating CD8+ T cell responses against a range of immunodominant and subdominant AFP-derived peptides (Fig. 8) . DC matured post-transduction were superior to iDC.AFP, but appeared to have a more limited repertoire than premDC.AFP. These results suggest that maturing DC prior to AdV transduction might be optimal for polyclonal type-1 T cell stimulation.
Recently, it was reported that AdV Wber shaft is critical for AdV activation of DC [54] , but the exact mechanism has yet to be fully elucidated. Here we have shown that DC maturation and APM upregulation was not dependent on AdV replication, gene expression or function, but rather on AdV structural proteins and viral DNA (possibly the Wber shaft). Taken together, phenotypic maturation markers, APM component molecules, and cytokine proWles suggest that AdV transduction of DC alone leads to acquisition of an intermediary level of DC maturation. We Wnd that optimal DC treatment with IFN-/LPS maturation signals preceding AdV leads to upregulation of speciWc APM components and also positively impacts the breadth of peptide-speciWc CD8+ T cells (which could be impacted by the eYciency of peptide presentation related to APM regulation, improved costimulation, as well as modulated cytokine milieu). In order to optimize DC vaccines for future clinical trials, antigen engineering and additional maturation signals may be needed to upregulate all signals needed for eYcient migration and priming of immunodominant and subdominant antigen-speciWc T cells.
